The molecular mechanism(s) by which tumor cells survive after exposure to ionizing radiation are not fully understood. Exposure of A431 cells to low doses of radiation (1 Gy) caused prolonged activations of the mitogen activated protein (MAP) kinase and stress activated protein (SAP) kinase pathways, and induced p21
Introduction
Several reports have demonstrated that ionizing radiation can activate multiple signaling pathways within cells in vitro which can lead to either increased cell death or increased proliferation depending upon the dose and culture conditions (Verheij et al., 1996; Rosette et al., 1996; Chmura et al., 1997; Santana et al., 1996; Kyriakis and Avruch, 1996; Xia et al., 1995; Kasid et al., 1996) . Radiation-mediated activation of acidic sphingomyelinase with generation of ceramide and subsequent activation of the JNK (c-Jun NH 2 -terminal kinase)/SAP (Stress Activated Protein) kinase pathway leading to transactivation of the transcription factor c-Jun has been proposed to play a major role in the initiation of apoptosis by this stimulus (Verheij et al., 1996; Rosette et al., 1996; Chmura et al., 1997; Santana et al., 1996; Kyriakis and Avruch, 1996; Xia et al., 1995) . More recently, another cellular target for ionizing radiation has been shown to be the epidermal growth factor (EGF) receptor which is activated in a dose dependent fashion in response to irradiation of A431 squamous carcinoma, and MDA-MB-231 and MCF-7 breast cancer cells (Schmidt-Ullrich et al., 1996 .
Radiation exposure, via activation of the EGF receptor, has been shown to generate inositol trisphosphate, induce Ca 2+ oscillations, and to activate the mitogen activated protein (MAP) kinase pathway to a level similar to that observed by physiologic (*0.3 nM) EGF treatments (Schmidt-Ullrich et al., 1997) . In contrast to the JNK/SAP kinase pathway, activation of the MAP kinase pathway has been suggested to be cytoprotective versus both U.V./ionizing radiation and drug treatments (Xia et al., 1995; Jarvis et al., 1997; Canman et al., 1995) . Several previous studies have also suggested that the MAP and SAP kinase cascades are in a dynamic balance and that the degree to which the MAP and SAP kinase pathways are activated by any given stimulus, such as by ionizing radiation, will determine cellular fate between dierentiation, proliferation, or cell death (Rosette et al., 1996; Kyriakis and Avruch, 1996; Xia et al., 1995; Spector et al., 1997; Jarvis et al., 1997b; Canman et al., 1995) .
Other signal transduction pathways exist which are known to be downstream eectors of both sphingomyelinase/ceramide and EGF receptor signaling. The p38-RK cascade has been described in mammalian cells as a pathway activated in response to hyper-osmotic stress, and was recently shown to be activated in response to ceramide treatment of U937 monoblasts (Jarvis et al., 1997b; Cuenda et al., 1995) . The p70 S6 kinase and glycogen synthase kinase 3 (GSK3) are downstream eectors of PK-B/c-Akt and PI 3 kinase (Alessi et al., 1996; Cross et al., 1995) . PI 3 kinase is itself a downstream eector of the EGF receptor, and was recently suggested to be activated in response to ultraviolet irradiation of cells (Kulik et al., 1997) . However, the ability of ionizing radiation to modulate the activities of these protein kinases has not been demonstrated.
Activation of the Raf/MAP kinase cascade in response to growth factors has been shown to be involved in both dierentiation and proliferative responses of cells depending upon both the cell type examined and the amount of MAP kinase activation (Kolch et al., 1991; Dent et al., 1992; Pumiglia and Decker, 1997; Wixler et al., 1996; Traverse et al., 1994; Whalen et al., 1997) . Acute activation of the MAP kinase cascade by growth factors has been shown to potentiate proliferation, whereas chronic elevation of MAP kinase activity has been demonstrated to be cytoprotective against irradiation (Canman et al., 1995) , and to inhibit DNA synthesis potentially via induction of the cyclin dependent kinase (cdk) inhibitor protein p21
Cip-1 (Pumiglia and Decker, 1997; Wixler et al, 1996; Traverse et al., 1994; Whalen et al., 1997; Lloyd et al., 1997; Fan et al., 1995; Missero et al., 1996; Macloed et al., 1995; Liu et al., 1996; Deng et al., 1995) . The cdk inhibitor protein p21
Cip-1 can also be induced in response to radiation exposure of cells, and cultured ®broblasts from p21
Cip-1`k nock-out' mice which cannot express p21
Cip-1 have been demonstrated to be more radiosensitive than wild type cells, demonstrating that expression of this molecule is cytoprotective against radiation (Missero et al., 1996; Macloed et al., 1995; Liu et al., 1996; Deng et al., 1995) . The mechanism by which p21
Cip-1/WAF1 is induced in response to irradiation of cells has been proposed to be via the function of p53 which is able to sense DNA damage, and not by MAP kinase signaling. This data would appear to preclude signaling via the MAP kinase cascade as a player in the radiationmediated induction of p21
Cip-1 (Missero et al., 1996; Macloed et al., 1995; Liu et al., 1996; Deng et al., 1995; Van den Heuvel and Harlow, 1993; Lees et al., 1993; Brugarolas et al., 1995; Freemerman et al., 1997; Akiyarna et al., 1997; Mothersill et al., 1995; Bernhard et al., 1995; Muschel et al., 1997; Johnson et al., 1994; Michieli et al., 1994; Poon et al., 1996) . These studies were initiated to test if radiationinduced activation of the MAP kinase cascade is cytoprotective against radiation-induced activation of the SAP kinase cascade in A431 squamous carcinoma cells. Since previous studies examining the ability of radiation to induce p21
Cip-1 had used high radiation doses (*5 ± 15 Gy), we tested whether low radiation doses (*1 Gy) could also induce p21
Cip-1 and whether this was dependent upon activation of the MAP kinase cascade (Brugarolas et al., 1995; Deng et al., 1995; Macloed et al., 1995) . A431 cells were irradiated with low doses of g-rays in the presence or absence of MAP kinase cascade blockade using the MEK1 inhibitor PD98059 and the subsequent activations of signal transduction pathways, p21
Cip-1 expression, and cell viability examined. We demonstrate that blockade of MAP kinase cascade function increases in the ability of a single low dose of ionizing radiation to kill A431 cells.
Results
Low doses of ionizing radiation (*1 Gy) induce greater modulations of signaling cascade activities than higher doses of radiation (*6 Gy) A431 cells were irradiated (1 Gy) and alterations in the activities of multiple signaling cascades examined (Figure 1 ). Irradiation of A431 cells caused prolonged activations of p42 MAP kinase and p70 S6 kinase ( Figure 1a ). Radiation exposure also caused a phasic inactivation of p38-RK followed by a prolonged activation phase ( Figure 1a) . and a prolonged chronic inactivation GSK3 (Figure 1b) . Activation of p42 MAP kinase was inhibited in a dose-dependent fashion by the speci®c inhibitor of MEK1 activation PD98059 , inhibited by the speci®c inhibitor of the EGF receptor AG1478 (Figure 1c , data points A and B), or by infection of cells with a recombinant adenovirus expressing dominant negative MEK1 (Perkins et al., 1996) (Figure 1c , data points X and Y). In agreement with data in Jarvis et al. (1997a) , treatment of A431 cells with 10 mM PD98059 increased the basal activity of JNK1, and potentiated the ability of radiation to activate the JNK/SAP kinase cascade sixfold 60 min after irradiation (Figure 1d ). Inhibition of EGF receptor function blunted the ability of radiation to activate p42
MAP kinase in agreement with data previously presented (Schmidt-Ullrich et al., 1997; Balaban et al., 1996) , demonstrating that radiation-mediated activation of p42 MAP kinase in these cells is dependent upon the functional activation of the EGF receptor. Radiation was shown to mediate EGF receptor activation in a dose dependent manner and was maximal after a 1 ± 2 Gy exposure (Schmidtt-Ullrich et al., 1996) . Irradiation of A431 cells with 6 Gy resulted in a similar modulation of JNK1 activity, but much smaller alterations in the activities of p42 MAP kinase , p70 S6 kinase and p38-RK (Figure 2 ). Of note is that while the total amount of JNK1 activation remained similar between the 1 Gy and 6 Gy exposures, the time course of activation was reproducibly delayed in cells exposed to 6 Gy (compare Figures 1d and 2b ). This data demonstrates that exposure of A431 cells to low doses of radiation (*1 Gy) causes greater alterations in the activities of multiple signaling cascades per se than do higher doses (*6 Gy) of radiation.
Low doses of radiation cause increases in c-Jun serine 63 phosphorylation
Since radiation exposure activated JNK1 and inhibited GSK3 activities, which are believed to be eectors of cJun transactivation and DNA binding respectively (Kyriakis and Avruch, 1996; Boyle et al., 1990; Smeal et al., 1991; Karin, 1995; Kallunki et al, 1996) , we next examined the ability of radiation to regulate c-Jun function (Figure 2 ). Irradiation of A431 cells with 1 Gy enhanced phosphorylation of c-Jun at Serine 63 in the transactivation domain ( Figure 3 ) and increased DNA binding of the AP-1 transcription factor complex (not shown). This result is in agreement with data presented in Figure 1 for the observed alterations in the activities of JNK1 and GSK3 This data was con®rmed by increased transactivation of an AP-1/luciferase reporter construct (not shown, and is in agreement with the ®ndings of Santana et al., 1996) . Thus activation of JNK1 and inhibition of GSK3 after exposure to 1 Gy result in a functional increases in both transactivation and DNA binding of c-Jun.
Low doses of radiation induce expression of p21
Cip Whalen et al., 1997; Lloyd et al., 1997; Fan et al., 1995; Missero et al., 1996; Macloed et al., 1995; Liu et al., 1996; Deng et al., 1995; Van den Heuvel and Harlow, 1993; Lees et al., 1993; Brugarolas et al., 1995) . However, it has been suggested that radiation and growth factors induce MAP kinase activity after 1 Gy radiation exposure (open triangles) or no exposure (closed triangles) by speci®c inhibition of MEK activation using varying concentrations of PD98059, by expression of dominant negative MEK1, or by inhibition of the EGF receptor tyrosine kinase. A431 cells (150 mm) were incubated either with a speci®c concentration of PD98059 or with a matched amount of vehicle control (DMSO) for 30 min prior to irradiation. In a parallel experiment cells were similarly treated with a single concentration of the speci®c inhibitor of the EGF receptor tyrosine kinase AG1478 (marked as points A and B, 10 nM).`A' represents treatment of A431 cells with 10 nM AG1478 alone, and`B' represents co-treatment of A431 cells with 10 nM AG1478 and radiation together. In a parallel experiment A431 cells were also infected 24 h prior to irradiation with a recombinant adenovirus to express dominant negative MEK1 (marked as points X and Y).`X' represents activity of p42 MAP kinase with expression of dominant negative MEK1 alone, and`Y' represents activity of p42 MAP kinase with expression of dominant negative MEK1 together with irradiation. Cells were exposed to 1 Gy (1.8 Gy/min) or not exposed and after 5 min media aspirated and the plates snap frozen. Cells were lysed and aliquots subjected to immunoprecipitation for p42 MAP kinase . Immune-complex protein kinase assays were performed as described in Materials and methods. Data are means of triplicate values and 32 P-incorporation into myelin basic protein is expressed as ratio/fold-alterations in the activity of p42 Cip-1 via dierent mechanisms; the former by DNA damage and p53, function, the latter by activation of the p42 MAP kinase cascade. A possible reason for this discrepancy may be that the radiation doses used in the previous studies were signi®cantly greater than the 1 Gy used herein. Higher doses of radiation would lead to a greater amount of DNA damage and to a much weaker stimulation of p42 MAP kinase as shown comparing data in Figures 1 and 2 . Thus the ability of radiation treatment to induce p21
Cip-1 via activation of the MAP kinase cascade may have been overlooked. Because of this we tested whether low dose irradiation of A431 cells, which contain a mutated non-functional p53, could induce p21 
Transfection of cells using lipofectAMINE
2 to transduce a plasmid expressing anti-sense mRNA against p21
Cip-1 (Freemerman et al., 1997) also blocked the induction of p21
Cip-1 by radiation (Figure 4 ). These data demonstrate that low doses of radiation and growth factors can both use the MAP kinase pathway to induce the cdk inhibitor protein p21 . Treatment of cells with increasing concentrations of PD98059 did not alter the expression of MEK1 itself over the time course, nor did p21
Cip-1 anti-sense reduce MEK1 expression (data not shown). Since it is known that cells from p21 knock out mice are more radio-sensitive than cells from wild type mice (Deng et al., 1995; Brugarolas et al., 1995) and that p21
Cip-1 expression can protect cells from apoptosis (Wang and Walsh, 1996) , we next examined the ability of MAP kinase inhibition to modify the radiosensitivity of A431 cells.
Blockade of MAP kinase cascade function by PD98059 radio-sensitizes A431 squamous carcinoma cells
To test whether blockade of MAP kinase cascade function radio-sensitizes A431 cells, cells were irradiated with 1 Gy in the presence of increasing concentrations of PD98059. The ability of cells to survive was assessed in three ways: First using TUNEL (Terminal Uridyl-Nucleotide End Labeling) assays measuring double stranded DNA breaks 24 h and 48 h after irradiation ( Figure 5 ), second using propidium iodide staining for necrosis/cell integrity and third using MTT assays 4, 6, and 8 days after irradiation to determine growth potential (Figure 6 ). At low concentrations of PD98059, a small nonsigni®cant detrimental eect was seen upon the basal levels of cell viability (Figures 5 and 6 ). Irradiation of MAP kinase (open triangles) and p70 S6 kinase (closed circles) after 6 Gy radiation exposure in A431 cells. (b) JNK1 (open diamonds) and p38-RK (closed squares) after 6 Gy radiatior exposure in A431 cells. A431 cells (150 mm dishes) were exposed to 6 Gy (1.8 Gy/min) and at speci®ed time points media aspirated and the plates snap frozen. Cells were lysed and aliquots subjected to immunoprecipitation for p42 MAP kinase , JNK1, p38-RK, and p70 S6 kinase as described in Materials and methods. Immune-complex protein kinase assays were performed as described in Materials and methods. Data are means of triplicate values and 32 P-incorporation into substrates are expressed as ratio/fold-alterations in the activities of the various protein kinases at time=0. A representative experiment (n=3) Figure 3 Time course of c-Jun Serine 63 phosphorylation in response to 1 Gy radiation exposure. A431 cells (100 mm dishes) were exposed to 1 Gy (1.8 Gy/min) and at speci®ed time points media aspirated and the plates snap frozen. Cells were lysed with 100 ml 56SDS ± PAGE sample buer, diluted to 250 ml with distilled water, and placed in a 1008C dry bath for 15 min. One hundred microliter aliquots of each time point were subjected to SDS ± PAGE on 2612% gels. Gels were transfered to nitrocellulose and Western blotting versus either phosphoserine 63 c-Jun or total c-Jun protein performed as in Materials and methods. Figure shows cells with 1 Gy alone had little eect upon cell viability (Figures 5 and 6 ). However, exposure of A431 cells to radiation and PD98059 treatment caused a large potentiation of cell death as judged in both TUNEL assays and by propidium iodide staining of un®xed cells ( Figure 5 , data not shown). For example, a single 1 Gy exposure+5 mM PD98059 treatment tripled the amount of cell killing compared to the amount induced by either treatment alone, and quantitatively increased the percentage of cells exhibiting double stranded DNA breaks from *4 ± 15% (Figure 5a) . Indeed, the enhancement ratios for radiation+PD98059 co-treatment versus either radiation exposure or PD98059 treatment alone were increased *threefold between 5 ± 20 mM PD98059. In all instances examined, the dosedependent ability of PD98059 treatment to inhibit the activity of the MAP kinase cascade (Figure 1c ) correlated with its dose-dependent ability to potentiate cell death after irradiation with 1 Gy (Figure 5 ).
The ability of radiation exposure and PD98059 treatment of cells to potentiate a reduction in cell number/proliferative capacity as judged using MTT assays was also determined. Exposure of A431 cells to radiation and PD98059 treatment caused a large reduction in proliferative capacity, over either exposure or treatment alone (Figure 6 ). Irradiation with 1 Gy alone had little eect on proliferative capacity whereas irradiation with 6 Gy appeared to abolish proliferation over the time period examined (Figure 6b ). In agreement with the TUNEL assay data presented above, increased enhancement ratios of at least threefold were observed using MTT assays between 4 ± 8 days after irradiation for cells with radiation+PD98059 co-treatment versus either radiation exposure or PD98059 treatment alone. Treatment of A431 cells with PD98059 alone also resulted in an overall dose-dependent decrease in proliferative capacity of A431 cells over 96 h as judged by a reduction of [ . Twenty-four hours prior to irradiation, A431 cells (100 mm dishes) were infected with either control recombinant adenovirus, dominant negative MEK1 recombinant adenovirus (250 m.o.i), or transfected with 5 mg DNA/plate antisense p21
Cip-1 using LipofectAMINE TM . Twenty-four hours later, control adenovirus infected A431 cells were treated with varying concentrations of PD98059 30 min prior to irradiation. Cells were exposed or not exposed to 1 Gy radiation (1.8 Gy/min) and cultured for a further 4 h after which media was aspirated and the plates snap frozen. Cells were lysed with 100 ml 56SDS ± PAGE sample buer, diluted to 250 ml with distilled water, and placed in a 1008C dry bath for 15 min. One hundred microliter aliquots of each time point were subjected to SDS ± PAGE on 14% gels. Gels were transfered to nitrocellulose and Western blotting versus anti-p21
Cip-1 performed as in Materials and methods (n=3) a b Figure 5 TUNEL assays to assess the apoptosis response of A431 cells exposed to 1 Gy incubated in the presence of varying PD98059 concentrations for (a) 24 h and (b) 48 h. A431 cells were cultured on 2 well chamber slides as in Materials and methods. Cells were pre-treated with the indicated concentrations of PD98059 30 min prior to radiation exposure. Cells were exposed or not exposed to 1 Gy radiation and after 24 h or 48 h media was aspirated and cells ®xed. Terminal Uridyl-Nucleotide End Labelling (TUNEL) was performed on the ®xed cells as described (Jarvis et al., 1996) . Data shown are from a representative experiment (n=3) of the mean number of staining cells from randomly selected ®elds of ®xed cells (n=5 per slide+s.e.m.) which were counted initially using propidium iodide counter stain, followed by examination and counting of TUNEL staining cells of the same ®eld under FITC/¯uorescence light. Counting was independently con®rmed by another investigator. *P50.05 for an individual PD98059 treatment with an increase in apoptosis when exposed to radiation. Treatment of A431 cells with increasing concentrations of PD98059 leads to increased cell death as judged by an increase in TUNEL positive staining cells which is potentiated by radiation exposure proliferative capacity. Thus our data demonstrate that a dose-dependent inhibition of the MAP kinase cascade by PD98059 reduces both overall proliferative potential and potentiates the ability of radiation to kill A431 human squamous carcinoma cells.
Discussion
These studies were initiated to examine the ability of low and high dose ionizing radiation to modulate the activities of multiple signaling pathways within A431 cells. Exposure of cells to 1 Gy caused large alterations in the activities of p42 MAP kinase , p38-RK, p70 S6 kinase , GSK3, and JNK1 (Figure 1) . Surprisingly, exposure of cells to higher radiation doses, 6 Gy, caused much smaller alterations in the activities of p42 MAP kinase , p38-RK, and p70 S6 kinase but did not alter the ability to activate JNK1 (Figure 2 ). These data demonstrate that increasing doses of radiation do not necessarily cause increasing activations of signal transduction cascades within exposed cells. The reasons why increasing doses of radiation cause weaker activations of p42 MAP kinase , p38-RK, p70 S6 kinase but not JNK1 in A431 cells are unknown.
Several studies have suggested that increased MAP kinase activity may be cyto-protective versus a variety of toxic stresses (Xia et al., 1995; Jarvis et al., 1997b; Canman et al., 1995) . We observed that activation of the MAP kinase cascade by radiation was dependent upon the EGF receptor (Figure 1c) . Inhibition of MAP kinase cascade function by PD98059 (Figure 1c ) correlated with the ability of this drug to inhibit radiation-induced expression of p21
Cip-1 (Figure 4 ), to potentiate cell death ( Figure 5 ), and to reduce proliferative potential ( Figure 6 ). Our ®ndings are in general agreement with the data of (Santana et al., 1996; Fan et al., 1995) showing that radiation caused induction of p21
Cip-1 expression via an EGF receptor dependent mechanism. Our observations also correlate well with the data of (Balaban et al., 1996) who demonstrated that antibodies to the EGF receptor radio-sensitize A431 cells, and with the data of (Brugarolas et al., 1995; Deng et al., 1995; Liu et al., 1996) who reported that cells from p21
Cip-1`k nock out' mice are more radio-sensitive than wild type mouse cells.
Previously, when cells had been exposed to higher doses of radiation (56 Gy), their ability to increase p21
Cip-1 protein levels had been thought to be solely dependent upon the function of the tumor suppressor protein p53. DNA damage after irradiation was sensed' by p53, which then signaled to cause p21 expression leading to a cell cycle arrest while the cell repaired its DNA (Canman et al., 1995; Macloed et al., 1995) Clearly, based on this premise, A431 cells should not be able to increase p21
Cip-1 expression in response to radiation exposure, because they express a nonfunctional p53 molecule. However, our data demonstrated that radiation increased protein levels of p21 in A431 cells (Figure 4) . Several groups, including this laboratory, have demonstrated that prolonged activation of the MAP kinase cascade can increase protein levels of p21
Cip-1 (Tombes et al., 1998; Pumiglia and Decker, 1997) . Low dose irradiation of A431 cells also caused a prolonged activation of the MAP kinase cascade, and the ability of radiation to increase p21 expression was dependent upon the MAP kinase cascade. Together. these data suggest that radiation exposure of cells may induce p21
Cip-1 protein levels via two separate mechanisms: via activation of the MAP kinase cascade and by DNA damage and p53 function. Brugarolas et al. (1995) ; Deng et al. (1995); and Macloed et al. (1995) demonstrated that defects in the ability of cells to express p21
Cip-1 lead to an enhancement of cellular radiosensitivity and that such cells lacked a radiationinducible G1-S arrest response. Inhibition of the MAP kinase cascade blunted the ability of A431 cells to induce p21
Cip-1 and radio sensitized these cells (Figures a b Figure 6 Decreased proliferative rate of A431 cells in MTT assays over 4 ± 8 days wherein cells were treated with either (a) PD98059 alone or (b) with PD98059 and exposed to 1 Gy radiation. A431 cells were cultured in 96 well plates as in Materials and methods. Cells were pre-treated with the indicated concentrations of PD98059 30 min prior to radiation exposure. Cells were exposed or not exposed to 1 Gy radiation and cultured for 4 ± 8 days in the presence of PD98059. In b cells exposed to 6 Gy without PD98059 treatment are indicated on the graph. MTT assays were performed on each day as described in Materials and methods and growth curves plotted to determine the growth potential of treated cells. Data shown from a representative experiment (n=3) of means from octuplets+s.e.m. showing that treatment of cells with PD98059 alone reduces A431 cell clonigenic potential in a dose dependent fashion, which is potentiated by radiation exposure 5 and 6). Thus our data suggest, but do not prove, that induction of p21 Cip-1 expression via activation of the MAP kinase cascade in response to low dose irradiation of cells may be one key cytoprotective event in preventing radiation induced cell death in vitro.
Data from several laboratories have demonstrated an important role for ceramide generation and activation of the JNK/SAP kinase pathway in radiation-induced apoptotic signaling (Xia et al., 1995; Santana et al., 1996; Kyriakis and Avruch, 1996; Verheij et al., 1996) . However, other studies have also suggested that JNK/SAP kinase signaling may also play a cyto-protective role versus other toxic stresses, such as to the DNA damaging drug cisplatin (Potapova et al., 1997) . Irradiation of A431 cells with either 1 Gy or 6 Gy caused similar activations of JNK1 (Figures 1 and 2) , which lead to functional activation of c-Jun (Figure 3) . However, only exposure of A431 cells to 6 Gy caused a signi®cant amount of cell death or a reduction in proliferative potential (data not shown, Figure 6b ). In contrast, exposure of cells to 6 Gy caused less MAP kinase activation than exposure to 1 Gy. From these data we conclude that assessing the amount of radiation-induced JNK1 activation in isolation may be a poor predictor of cellular fate (Figure 2 ). In fact, our data suggest that a reduced ability to activate the MAP kinase cascade more closely correlates with reduced cellular viability. In agreement with this concept, we recently demonstrated that the mechanisms by which ceramide and sphingosine cause apoptosis in U937 myeloid leukemia cells are dierent (Jarvis et al., 1997b) . Ceramide signaling caused apoptosis via c-Jun, as has been previously suggested (Xia et al., 1995; Santana et al., 1996; Kyriakis and Avruch, 1996; Verheij et al., 1996) . In contrast, sphingosine treatment of U937 cells caused apoptosis via inhibition of the MAP kinase cascade, and sphingosine-mediated cell death was not dependent upon the function of c-Jun (Jarvis et al., 1997b) . Based on data presented in this manuscript and in (Xia et al., 1995; Verheij et al., 1996; Chmura et al., 1997; Santana et al., 1996; Jarvis et al., 1997b) we suggest that, after exposure to radiation, cellular fate in A431 carcinoma cells is determined by the resultant balance of MAP kinase and JNK/SAP kinase activities.
Materials and methods

Materials
Anti-JNK1 (sc-571AC), anti-p38-RK (sc-535AC), antip70 S6 kinase (sc-230) and anti-p21
Cip-1 (sc-756) antibodies were from Santa Cruz Biotechnology (Santa Cruz Biotechnologies, CA) and anti-p42 MAP kinase antibodies were a kind gift from Dr M J Weber (University of Virginia, Charlottesville. VA). Anti-GSK3a antibody and substrate phospho-peptide (YRRAAVPPS PSLSRHSSPHQpSE-DEEE) was from Upstate Biotechnologies Inc. Radiolabeled g-32 P-ATP was from NEN. Glutathione-S-transferase (GST)-c-Jun (aal-169) was synthesized in E. coli and puri®ed on Glutathione-Sepharose. was from Calbiochem.
Methods
Recombinant adenoviral vectors; generation and infection in vitro Adenoviruses have been used for quite some time for gene delivery into somatic cells, including hepatocytes/ livers. Slowly proliferating cells, can be infected by adenovirus which is not the case using retroviral vectors. Because they lack the early E1A/E1B genes, recombinant adenoviruses cannot replicate, and do not transform cells.
The dominant adenovirus to express dominant negative MEK1 was prepared as described in Valerie and Singhal (1995) and Tombes et al. (1998 Cip-1 expression, and for assessment of TUNEL and propidium iodide staining, cells were cultured for 4 days prior to radiation treatment. For MTT assays on 96 well plates. cells were treated 2 days after plating. For adenoviral infections (m.o.i. 250), cells were infected 24 h prior to radiation treatment.
Treatment of A431 cells with ionizing radiation and cell homogenization
A431 cells were cultured in RPMI+5% (v/v) fetal calf serum as above. PD98059 treatment was usually from a 100 mM stock solution and the maximal concentration of vehicle (DMSO) in media was 0.02% (v/v). Cells were irradiated using a 60 Co source at dose rate of 1.8 Gy/min (Schmidt-Ullrich et al., 1997). Cells were maintained at 378C throughout the experiment except during the IR treatment itself. Zero time is designated as the time point at which exposure to radiation ceased. After radiationtreatment cells were incubated for speci®ed times followed by aspiration of media and snap freezing at 7708C on dry ice. Cells were homogenized in 1 ml ice cold buer A [25 mM HEPES, pH 7.4 at 48C, 5 mM EDTA, 5 mM EGTA, 5 mM benzamidine, 1 mM phenylmethyl sulphonyluoride, 1 mg/ml soybean trypsin inhibitor, 40 mg/ml pepstatin A, 1 mM Microcystin-LR, 0.5 mM sodium orthovanadate, 0.5 mM sodium pyrophosphate. 0.05% (w/ v) sodium deoxycholate, 1% (v/v) Triton X-100, 0.1% (v/v) 2-mercaptoethanol], with trituration using a P1000 pipette to lyse the cells. Homogenates were stored on ice prior to clari®cation by centrifugation (48C).
Immunoprecipitations from homogenates
Fifty microliters of Protein A agarose (Ag) slurry (25 ml bead volume) was washed twice with 1 ml PBS containing 0.1% (v/v) Tween 20, and resuspended in 0.1 ml of the same buer. Antibodies (2 mg, 20 ml), serum (20 ml) were added to each tube and incubated (3 h, 48C) For pre-conjugated antibodies, 10 ml of slurry (4 mg antibody) was used. Clari®ed equal aliquots of A431 cell homogenates (0.25 ml, *100 mg total protein) were mixed with Ag-conjugated antibodies in duplicate using gentle agitation (2.5 h, 48C). Ag-antibody-antigen complexes were recovered by centrifugation, the supernatant discarded, and washed (10 min) sequentially with 0.5 ml buer A (twice), PBS and buer B [25 mM HEPES, pH 7.4, 1 mM MgCl 2 , 0.1 mM Na 3 VO 4 , 0.1% (v/v) 2-mercaptoethanol].
Assay of p42
MAP kinase and p38-RK activities
Immunoprecipitates were incubated (®nal volume 50 ml) with 50 ml of buer B containing 0.2 mM [g-32 P]ATP (5000 c.p.m./pmol), 1 mM Microcystin-LR, 0.5 mg/ml myelin basic protein (MBP), which initiated reactions. After 20 min, 40 ml of the reaction mixtures were spotted onto a 2 cm circle of P81 paper (Whatman, Maidstone, England) and immediately placed into 180 mM phosphoric acid. Papers were washed four times (10 min each) with phosphoric acid, and once with acetone, and 32 Pincorporation into MBP was quanti®ed by liquid scintillation spectroscopy. Pre-immune controls were performed to ensure MBP phosphorylation was dependent upon speci®c immunoprecipitation of p42 MAP kinase /p38-RK (Spector et al., 1997) .
Assay of JNK1 activity
Immunoprecipitates were incubated (®nal volume 100 ml) with 2 ml (10 mg) GST-c-Jun (aal-169), and reactions initiated with 98 ml of buer B containing 0.2 mM [g-32 P]ATP (5000 c.p.m./pmol) and 1 mM Microcystin-LR. After 30 min, reactions were terminated with sample buer and prepared for SDS ± PAGE (10% gel) to quantify 32 Pincorporation into excised, Coomassie blue-stained GST-cJun (aa l ± 169) bands by liquid scintillation spectroscopy. Pre-immune control assays were performed to ensure GSTc-Jun (aa l ± 169) phosphorylation was dependent upon speci®c immunoprecipitation of JNK1 in the assay (Spector et al., 1997) .
Assay for GSK3 activity GSK3 was immunoprecipitated and assayed versus a phospho-peptide substrate (YRRAAVPPSPSLSRHSSPHQpSEDEEE). Immunoprecipitates were incubated (®nal volume 50 ml) with 50 ml of buer B containing 0.2 mM [g-32 P]ATP (5000 c.p.m./pmol), 1 mM Microcystin-LR, and 200 mM phospho-peptide substrate which initiated reactions. After 20 min, 40 ml of the reaction mixtures were spotted onto a 2 cm circle of P81 paper (Whatman, Maidstone, England) and immediately placed into 180 mM phosphoric acid. Papers were washed four times (10 min each) with phosphoric acid, and once with acetone, and 32 P-incorporation into phospho-peptide substrate compared to identical samples containing enzyme but without substrate.
Assay for p70
S6 kinase activity
Immunoprecipitation of p70 S6 kinase was performed as above, and assayed versus a peptide substrate (RRRLSSLA). Immunoprecipitates were incubated (®nal volume 50 ml) with 50 ml of buer B containing 0.2 mM [g-32 P]ATP (5000 c.p.m./pmol), 1 mM Microcystin-LR, and peptide substrate (500 mM ®nal). After 20 min, 40 ml of the reaction mixtures were spotted onto a 2 cm circle of P81 paper (Whatman, Maidstone. England) and immediately placed into 180 mM phosphoric acid. Papers were washed four times (10 min each) with phosphoric acid, and once with acetone, and 32 P-incorporation into peptide substrate compared to identical samples containing enzyme but without substrate.
32 P-incorporation into the peptide bound to P81 paper is determined by liquid scintillation spectroscopy.
SDS poly-acrylamide gel electrophoresis (SDS ± PAGE) and Western blotting A431 cells (100 mm dishes) were treated with 1 Gy IR (1.8 Gy/min) and at speci®ed time points/treatments media aspirated and the plates snap frozen. Cells were lysed with 100 ml 56SDS ± PAGE sample buer, diluted to 250 ml with distilled water, and placed in a 1008C dry bath for 15 min. One hundred microliter aliquots of each time point were subjected to SDS ± PAGE. Gels were transferred to nitrocellulose by the method of Towbin and Western blotting using speci®c antibodies performed. Blots were developed using Enhanced Chemi-Luminescence (Amersham).
Lipofection/transfection of A431 cells
Lipofection of a CMV-driven plasmid to express antisense p21
Cip-1 was performed using LipofectAMINE TM as per manufacturers instructions (Gibco BRL, Grand Island. NY) using 5 mg DNA per 100 mm dish. Using a plasmid to express b-galactosidase, this methodology gave a 80% transfection eciency in ®xed A431 cells.
Terminal uridyl-nucleotide end labeling and propidium iodide staining for A431 cells A431 cells were grown in 2 well glass chamber slides as described, treated with or without varying concentrations of PD98059 DMSO control 30 min prior to irradiation, irradiated, and cells ®xed after either 24 h or 48 h. Terminal Uridyl Nucleotide End Labeling (TUNEL) was performed on these cells as described previously (Jarvis et al., 1996) . Randomly selected ®elds of ®xed cells (n=5 per slide) were counted initially using propidium iodide counter stain, followed by examination and counting of TUNEL positive staining cells of the same ®eld under FITC/¯orescence light. A431 cells were grown in 2 well glass chamber slides as described, treated with or without varying concentrations of PD98059/DMSO control 30 min prior to irradiation, and irradiated. Twenty-four hours or 48 h after irradiation, propidium iodide (5 mM ®nal) was added to the growth media and 10 min after addition randomly selected ®elds of cells (n=5 per slide) were examined/counted for both the total number of cells and the number of cells whose DNA was strongly staining with propidium iodide. Potential dierences in cell numbers between wells/slides were normalized by determination of total cellular protein per well by the method of Bradford.
MTT assay for cell growth A431 cells are grown in 96 well plates and 2 days after plating are pre-treated for 30 min with varying concentrations of PD98059/DMSO control before irradiation with 1 Gy IR. Cells are cultured for a further 3 ± 8 days. A 5 g/ ml stock solution of MTT reagent (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue) is prepared in DMEM. For assay of mitochondrial dehydrogenase function, which has been shown to correlate to clonal development, the MTT stock solution is diluted 1 : 10 in fresh media (DMEM+10% fetal calf serum) and 100 ml of this solution is added to each aspirated well of a 96 well plate. Cells are incubated for a further 3 h at 378C. MTT is converted into an insoluble purple formazan by cleavage of the tetrazolium ring by mitochondrial dehydrogenase enzymes (Carmichael et al., 1987) . After 3 h, media is aspirated and cells lysed with 100 ml DMSO, releasing the purple product from the cells. Cells are incubated for a further 10 min at 378C with gentle shaking. Absorbance readings at 540 nM are determined using a computer controlled micro-plate analyser. The relationship between cell number and MTT absorbance/mitochondrial enzyme activity was linear over the range of 500 ± 10 000 cells.
Data analysis
Comparison of the eects of various treatments was done using one way analysis of variance and a two tailed t-test. Dierences with a P-value of 50.05 were considered statistically signi®cant. All values and means shown are +s.e.m. from an average of 2 ± 5 independent experiments. Abbreviations MAP kinase, Mitogen Activated Protein kinase; JNK, cJun NH 2 -terminal Kinase; SAP kinase, Stress Activated Protein kinase; MEK, mitogen/extracellular regulated kinase
